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Abstract 

The  effects  of  precipitation  pH  values  on  the  microstructural  characteristics  of  nickel  hydroxide  materials  synthesized  by  a  chemical 
precipitation  method  have  been  studied.  The  relationship  between  structural  characteristics  and  electrochemical  activity  of  nickel  hydroxide 
was  also  examined.  The  structural  characteristics  of  the  synthesized  P-Ni(OH)2,  such  as  degree  of  crystallinity,  crystalline  lattice  disorders, 
crystallite  size  and  crystal  growth  orientation  were  strongly  related  to  the  pH  values  of  the  chemical  precipitation  reaction.  The  amounts  of 
SO+,  CCE+  and  H20  adsorbed  in  crystals,  and  the  thermal  stability  of  the  p-Ni(OH)2  also  depended  on  the  pH.  Under  relatively  high  pH 
values,  the  synthesized  nickel  hydroxide  materials  possessed  a  reduced  crystallite  size  and  lower  thermal  stability,  more  crystalline  defects 
and  a  higher  Ni  composition.  All  these  characteristics  were  likely  to  improve  the  electrochemical  activity  of  nickel  hydroxide. 
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1.  Introduction 

Nickel  hydroxide  is  the  positive  electrode  active  material 
in  rechargeable  alkaline  batteries  (e.g.  Ni/Fe,  Ni/Zn,  Ni/Cd, 
Ni/H2  and  Ni/MH).  The  alkaline  nickel  batteries  are  usually 
positive  limited,  meaning  that  the  material  utilization  of 
nickel  hydroxide  dictates  the  amount  of  capacity  that  can  be 
stored  on  charging  and  the  amount  of  capacity  that  can  be 
recovered  during  discharging.  With  the  rapid  progress  of 
research  and  development  of  hydrogen  storage  alloy  mate¬ 
rials  and  nickel/metal  hydride  batteries  (Ni/MH)  in  recent 
years,  the  preparation  of  high-performance  nickel  hydroxide 
electrode  materials  becomes  a  critical  issue.  The  practical 
importance  of  nickel  hydroxide  structure  and  its  electro¬ 
chemical  properties  is  not  only  limited  to  battery  application, 
since  nickel  hydroxide  or  nickel  oxide  electrodes  also  find 
applications  in  fuel  cells,  electrochemical  capacitors,  electro¬ 
lyzers,  electrosynthetic  cells  and  electrochromic  devices. 

It  is  well  established  that  nickel  hydroxide  exists  in  two 
polymorphic  forms,  a-  and  p-Ni(OH)2,  which  on  charging 
(oxidation)  transform  to  y-  and  P-NiOOH,  respectively 
[1,2],  These  structures  and  their  modifications  are  probably 
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hydrated  to  some  extent.  Among  the  different  polymorphic 
modifications  of  nickel  hydroxide,  the  P-form  is  widely  used 
as  the  positive  electrode  precursor  materials  in  all  nickel 
based  secondary  cells  [3].  p-Ni(OH)2  crystallizes  with  a 
hexagonal  brucite  structure,  with  an  inter-sheet  distance 
of  co  =  4.60  A  and  a  Ni-Ni  atom  distance  of  ao  = 
3.12  A.  With  its  high  stability  in  strong  alkaline  electrolyte, 
p-Ni(OH)2  is  often  selected  as  a  discharged-state  active 
material  in  the  fabrication  of  nickel  electrode.  P-Ni(OH)2 
has  a  good  reversibility  when  charged  to  P-NiOOH,  which 
has  a  similar  layered  structure  with  lattice  parameters 
co  =  4.85  A  and  a o  =  2.82  A.  On  prolonged  charging,  how¬ 
ever,  P-NiOOH  is  converted  to  y-NiOOH,  which  has  an 
expanded  c0  parameter  of  7  A.  y-NiOOH  can  also  be  formed 
under  conditions  of  overcharging,  high  rate  charging,  or  high 
electrolyte  concentrations  [4].  The  conversion  of  P-NiOOH 
to  y-NiOOH  is  accompanied  by  a  large  volumetric  change 
and  this  may  result  in  the  swelling  of  the  nickel  electrode  and 
the  drying  of  electrolyte  in  the  separator.  Consequently,  the 
formation  of  y-NiOOH  considerably  damages  the  nickel 
electrode  and  induces  immature  cell  failure.  In  addition,  it 
has  been  reported  recently  that  the  cause  of  the  memory 
effect  in  alkaline  secondary  batteries  is  also  related  to  the 
formation  of  y-NiOOH  [5].  In  order  to  inhibit  the  formation 
of  y-NiOOH,  some  additives,  such  as  Co,  Cd  and  Zn  have 
been  used  in  the  fabrication  of  nickel  electrode  [6]. 
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Another  polymorphic  form  of  nickel  hydroxide,  a- 
Ni(OH)2,  with  a  nearly  identical  cq  parameter  (7.6  A)  to 
that  of  y-NiOOH,  can  be  transformed  to  y-NiOOH  phase 
reversibly  without  mechanical  deformation  or  constraints. 
The  a/y  couple  is  also  expected  to  exhibit  a  higher  theore¬ 
tical  capacity  relative  to  that  of  the  P(II)/(3(III)  couple.  This 
can  be  attributed  to  the  fact  that  more  than  one  electron  may 
be  exchanged  per  nickel  atom  during  the  a-y  phase  trans¬ 
formation,  owing  to  a  higher  oxidation  state  (3.5  or  higher) 
of  nickel  in  y-NiOOH  [7,8].  Thus  the  a/y  couple  is  theore¬ 
tically  envisaged  to  have  a  superior  electrochemical  perfor¬ 
mance  as  compared  to  the  P(II)/P(III)  couple.  However, 
a-Ni(OH)2  is  thermodynamically  unstable  in  strong  alkaline 
medium  and  rapidly  transforms  to  p-Ni(OH)2.  In  order  to 
stabilize  the  structure  of  a-Ni(OH)2,  partial  substitutions  of 
over  20%  of  Co,  Fe,  Al,  Zn  and  Mn  for  Ni  in  nickel 
hydroxide  have  been  studied  [9-13].  The  development 
of  reliable  routes  to  the  synthesis  and  stabilization  of 
a-Ni(OH)2  is  a  major  scientific  challenge  for  realizing  the 
advantages  of  the  a/y  couple  in  the  operational  conditions 
of  an  alkaline  secondary  battery. 

It  is  widely  accepted  that  the  nickel  electrode  works  as  an 
insertion  electrode  for  protons,  the  redox  reaction  of  Ni(H)/ 
Ni(III)  in  alkaline  media  can  be  expressed  as: 

NiOOH  +  H20  +  e“  <=>  Ni(OH)2  +  OH  (1) 

which  is  believed  to  be  a  solid-state  proton  intercalation  and 
de-intercalation  reaction  [14].  In  the  charge/discharge  pro¬ 
cess,  the  proton  insertion  into  and  desertion  from  the  hex¬ 
agonal  structure  of  nickel  hydroxide  occur  reversibly,  and 
the  crystal  structure  of  nickel  hydroxide  is  maintained.  The 
electrochemical  activity  of  nickel  hydroxide  materials  can 
be  improved  by  increasing  the  proton  diffusion  coefficient  in 
nickel  hydroxide,  which  is  closely  related  to  its  microstruc¬ 
ture.  Studies  [3,15]  have  shown  that  for  nickel  hydroxide 
with  a  smaller  crystallite  size  and  more  crystalline  defects,  it 
possesses  a  higher  chemical  proton  diffusion  coefficient,  and 
this  will  diminish  the  concentration  polarization  of  protons 
during  charge/discharge,  leading  to  a  better  charge/dis¬ 
charge  cycling  behavior.  The  microstructure  of  nickel 
hydroxide  is  determined  by  both  composition  (e.g.  doping 
elements  in  nickel  hydroxide)  and  processing.  Microstruc¬ 
ture  control  by  changing  the  preparation  techniques  and 
synthesis  parameters  has  received  particular  attention  for 
being  effective  on  the  improvement  of  the  electrochemical 
properties  of  nickel  hydroxide  materials.  Several  synthesis 
methods  of  nickel  hydroxide  have  been  developed,  such  as 
chemical  precipitation  [16],  electrochemical  deposition  or 
electrosynthesis  [17],  and  chimie  douce  technique  [18]. 
Among  these  synthesis  routes,  the  wet  chemical  precipita¬ 
tion  method  is  widely  used  to  produce  spherical  nickel 
hydroxide  powder.  This  powder  can  be  used  to  fabricate 
Ni-foam  pasted-type  nickel  electrodes,  which  are  now  com¬ 
mercially  available  for  Ni/MH  batteries  [19]. 

The  microstructural  characteristics  of  nickel  hydroxide 
materials  synthesized  by  the  chemical  precipitation  method 


are  closely  related  to  the  synthesis  process  parameters,  such 
as  concentration  of  reagent  solutions,  reaction  temperature, 
pH  value,  addition  amount  of  complexing  agent,  doping 
elements,  etc.  [20].  Among  these  synthesis  parameters,  the 
precipitation  pH  value  is  a  key  factor  that  affects  the  crystal 
and  chemical  structure  characteristics  of  nickel  hydroxide. 
This  paper  reports  our  study  on  the  influence  of  chemical 
precipitation  reaction  pH  values  on  the  structure  of  nickel 
hydroxide  materials.  Powder  X-ray  diffraction  (XRD),  infra¬ 
red  (IR)  spectroscopy,  thermogravimetric  (TG  )  and  differ¬ 
ential  thermogravimetric  (DTG)  analyses  have  been 
employed  to  characterize  the  structure  and  amounts  of 
SO4.2-,  C032-  and  H20  adsorbed  in  the  materials.  The 
relationship  between  structural  characteristics  and  electro¬ 
chemical  activity  of  nickel  hydroxide  has  also  been  inves¬ 
tigated. 

2.  Experimental 

2.1.  Preparation  of  nickel  hydroxide  materials 

Ni(OH)2  was  synthesized  via  an  aqueous  solution  com- 
plexation-precipitation  route.  In  the  synthesis,  NiS04  and 
NaOH  were  used  as  reagents,  with  NH4OH  as  a  complex¬ 
ing  agent.  Pre-determined  amounts  of  NiS04,  NaOH  and 
aqueous  ammonia  were  fed  by  dripping  into  a  reactor  with 
vigorous  stirring.  During  the  precipitation  process,  the 
temperature  of  the  reactor  was  controlled  at  60  ±  1  °C. 
The  pH  of  the  suspension  in  the  reactor  was  maintained  by 
adjusting  the  feed  rates  of  the  reagent  solutions,  and  the 
pH  value  was  closely  monitored  by  a  digital  precise  pH- 
meter.  In  order  to  remove  the  excess  of  S042-,  OH~  and 
NH4+  ions  in  the  product,  the  blue-green  precipitate 
was  repeatedly  washed  and  filtered  to  neutral  pH  with 
distilled  water.  The  precipitate  was  then  dried  to  constant 
weight  under  vacuum.  Finally  the  dried  precipitate  was 
pulverized  to  obtain  the  Ni(OH)2  samples  and  stored  for 
structural  analysis.  To  study  the  effect  of  precipitation  pH 
values  on  the  structure  of  nickel  hydroxide,  the  Ni(OH)2 
samples  were  prepared  using  three  different  pH  values 
(sample  A:  pH  =  7.25;  sample  B:  pH  =  10.50;  sample  C: 
pH  =  1 1.50).  All  other  precipitation  parameters  were  kept 
unchanged. 

2.2.  Structure  characterization  of  nickel  hydroxide 
materials 

XRD  patterns  of  the  Ni(OH)2  samples  were  recorded  on  a 
RIGAKU  X-ray  diffractometer  using  Cu  Ka  radiation 
(2  =  1.542  A),  with  a  scanning  rate  of  4°  (2  6)  per  minute 
and  a  scanning  range  of  14-80°  (2  8).  IR  spectra  were 
obtained  using  a  Bio-RAD  FTS-3000  infrared  spectrometer 
in  KBr  pellets.  TG  and  DTG  analyses  were  carried  out  with  a 
SHIMADZU  TGA-50  thermal  analyzer,  with  a  heating  rate 
of  10  °C/min  in  N2. 


430 


Q.  Song  et  al.  /  Journal  of  Power  Sources  112  (2002)  428—434 


3.  Results  and  discussion 

3.1.  Discharge  capacities  of  the  Ni(OH)2  samples 

The  three  nickel  hydroxide  samples  have  been  used  as  the 
active  material  for  pasted  foam-nickel  electrodes  with  cobalt 
powder  as  a  conductive  additive  [20].  Charge/discharge 
cycling  tests  of  the  nickel  electrodes  showed  that  the  specific 
discharge  capacities  were  180,  217  and  245  mAh/g-Ni(OH)2 
for  samples  A,  B  and  C  respectively.  Thus  the  nickel 
hydroxide  samples  synthesized  at  relatively  high  pH  values 
are  expected  to  have  a  better  electrochemical  activity. 

3.2.  XRD  patterns 

XRD  patterns  of  Ni(OH)2  samples  A-C  are  presented  in 
Fig.  1.  The  characteristic  diffraction  peaks  at  (0  0  1  )(c/4  fi(l), 
(10  0)W2.70),  (1  0  1)0434),  (1  0  2)00.76),  (1  1  0)0456)  and 
(1  1  1)0448)  show  that  all  these  samples  have  a  crystal 
structure  of  P-type  Ni(OH)2.  Some  disorders  in  the  crystal 
lattice,  which  are  characterized  by  the  full-width  of  half¬ 
maximum  intensity  (FWHM)  of  the  (0  01),  (101)  and 


2  Theta 


Fig.  1.  XRD  patterns  of  Ni(OH)2  samples  synthesized  at  different  pH 
values:  (a)  sample  A,  pH  —  7.25;  (b)  sample  B,  pH  =  10.50;  (c)  sample  C, 
pH  =  11.50. 


(1  0  2)  reflection  lines  [8,10],  can  also  be  found.  The  inter¬ 
layer  distance  c0  of  a  brucite-type  structure  of  nickel  hydro¬ 
xide  is  represented  by  the  dQ  0  1  value.  The  d\  0  0  or  4  j  0 
value  corresponds  to  the  Ni-Ni  distance  a  in  the  layers  of 
nickel  hydroxide,  where  a  =  [2/\/3]<7i  ooor24  10  [14,23]. 
Though  the  samples  A-C  have  the  same  P-Ni(OH)2  basic 
structure,  their  detailed  microstructural  characteristics  are 
considerably  different  as  revealed  in  the  XRD  patterns  Fig.  1 : 

1.  The  peaks  corresponding  to  all  the  reflections  in  the 
XRD  pattern  of  sample  A  are  noticeably  broadened  and/ 
or  split  as  compared  to  those  in  the  patterns  of  samples 
B  and  C.  This  indicates  that  the  as-prepared  sample  A  is 
very  poorly  crystallized.  For  the  samples  B  and  C,  which 
are  synthesized  with  higher  precipitation  pH  values,  the 
XRD  patterns  show  sharper  reflection  peaks,  indicative 
of  an  increased  degree  of  ordering  and  crystallinity  for 
these  samples. 

2.  For  the  well-crystallized  samples  B  and  C,  the  peaks  in 
the  XRD  patterns  are  not  uniformly  broadened.  A  larger 
degree  of  broadening  (FWHM)  of  the  peaks  correspond¬ 
ing  to  the  (0  0  1),  (10  1)  and  (10  2)  reflections  is 
obtained,  while  the  broadening  for  the  peaks  corre¬ 
sponding  to  the  (10  0)  and  (110)  is  smaller.  The 
exceptional  broadening  of  the  (0  0  1),  (1  0  1)  and  (1  0  2) 
reflection  lines  in  the  XRD  patterns  of  nickel  hydroxide 
materials  may  be  attributed  to  [21,22]:  (i)  crystallite  size 
effects;  (ii)  increased  degree  of  disordering  on  account  of 
the  existence  of  crystalline  defects,  such  as  stacking  faults/ 
growth  faults  and  proton  vacancies,  or  the  adsorption  of 
inorganic  species  (water  and  anions);  and  (iii)  the  presence 
of  other  polymorphic  modifications  as  interstratified 
phases.  It  can  also  be  found  that  the  FWHMs  of 
the  (0  0  1),  (10  1)  and  (10  2)  reflections  in  the  XRD 
pattern  of  sample  C  are  larger  than  those  for  sample  B. 
This  suggests  that  the  crystallite  size  of  Ni(OH)2  powder 
sample  C  synthesized  at  a  relatively  higher  pH  value  tends 
to  decrease  and  the  amount  of  crystalline  defects  tends  to 
increase,  thus  resulting  in  a  larger  FWHMs  for  sample  C. 
As  described  in  the  introduction,  nickel  hydroxide  with  a 
smaller  crystallite  size  and  more  structural  defects  shows  a 
higher  chemical  proton  diffusion  coefficient,  giving  an 
excellent  charge/discharge  cycling  behavior. 

3.  The  crystal  growth  orientation  of  the  chemically 
precipitated  nickel  hydroxide  materials  also  depends 
on  pH  values.  The  (10  1)  reflection  is  the  most  intensive 
in  the  XRD  patterns  of  samples  A  and  B,  while  the 
(001)  reflection  is  the  most  intensive  in  that  of  sample 
C.  This  indicates  that  the  crystal  growth/stacking  speed 
of  nickel  hydroxide  in  the  direction  of  “c-axis”  of 
layered  structure  increases  with  pH  values. 

3.3.  IR  spectra 

To  further  support  the  XRD  study.  Fig.  2  gives  the  infrared 
spectra  of  the  as-prepared  samples  A-C.  The  infrared 
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spectra  are  useful  to  probe  the  short-range  structure  of 
Ni(OH)2,  as  contrast  to  the  X-ray  diffraction  patterns  which 
result  from  long-range  phenomena.  The  IR  spectra  in  Fig.  2 
also  verify  that  the  samples  A-C  can  be  characterized  as  13- 
type  Ni(OH)2,  on  the  ground  that:  (i)  a  narrow  and  strong 
band  at  3642  cm-1  owing  to  the  vfOH)  stretching  vibration, 
which  indicates  OH  groups  in  a  free  configuration;  (ii)  a 
strong  band  at  520  cm  - 1  corresponding  to  the  hydroxyl 
groups’  lattice  vibration  <5(OH);  and  (iii)  a  band  with  weak 
intensity  around  460  cm-1  resulting  from  the  Ni-0  lattice 
vibration  v(Ni-O)  [16,18]. 

A  few  distinguishing  features  of  the  IR  spectra  for  these 
samples  can  also  be  revealed  in  Fig.  2: 

1 .  For  the  samples  A-C,  the  intensity  of  the  band  assigned 
to  the  v(OH)  stretching  vibration  in  the  IR  spectra  is 
noticeably  increased  with  increasing  pH  values.  That  is, 
the  degree  of  crystallinity  of  nickel  hydroxide  is 
improved  with  an  increase  of  pH  values.  This  result  is 
in  good  agreement  with  that  obtained  by  XRD. 

2.  The  appearance  of  the  large  bands  around  3300  and 
1650  cm-1,  because  of  the  v(H20)  stretching  vibration 
and  the  c)(H20)  bending  vibration  of  water  molecules, 
indicates  the  presence  of  a  certain  amount  of  water 
molecules  adsorbed  on  the  nickel  hydroxide  materials. 
The  intensity  of  these  two  bands  resulting  from  water 
molecules  decreases  with  increasing  pH  values,  suggest¬ 
ing  that  the  content  of  the  adsorbed  water  in  Ni(OH)2 
samples  decreases  with  an  increase  in  pH  values.  This 
result  is  further  corroborated  by  TG  and  DTG  studies. 

3.  The  different  bands  observed  in  the  range  of  1500- 
800  cm-1  can  be  attributed  to  the  presence  of  several 
ions,  such  as  carbonate  and/or  sulphate.  The  bands 
around  1100,  1040  and  610  cm-1  in  the  IR  spectra  are 
characteristics  of  S042-  anions;  and  the  band  at 
1360  cm-1  corresponds  to  the  presence  of  CO32- 
anions.  The  SO42-  anions  originate  from  the  metal  salt 
solution  (NiS04)  used  for  the  precipitation,  and  the 
CO32-  anions  are  believed  to  come  from  the  dissolution 
of  C02  in  the  air  during  the  synthesis.  These  anions  are 
mainly  adsorbed  on  the  nickel  hydroxide  grain  surface 
because  the  value  of  cq  parameter  (4.6  A)  of  |3-Ni(OH)2 
does  not  allow  the  presence  of  the  anions  intercalated 
between  the  slabs  of  Ni(OH)2.  Especially  for  the 
intercalation  of  S042-,  an  interslab  distance  close  to 
9  A  will  be  required  [1 1,23].  In  comparison  with  that  of 
the  IR  spectra  for  samples  B  and  C,  the  intensity  of  the 
S042-  bands  in  the  IR  spectra  of  sample  A  is  the  largest, 
and  the  CO32-  bands  are  almost  absent.  With  an 
increase  in  pH  values,  the  intensity  of  the  S042-  bands 
in  the  IR  spectra  of  samples  B  and  C  decreases,  but  the 
CO32-  bands  become  readily  apparent.  The  intensity  of 
the  CO32-  bands  also  increases  with  increasing  pH 
values.  With  an  increase  in  pH  values,  the  spontaneous 
exchange  of  S042-  for  CO32-  ions  can  occur  in 
agreement  with  the  adsorption  selectivity  of  the  anions, 


as  the  preference  order  of  the  anions  adsorption  in 
Ni(OH)2  is:  C032-  S>  S042-  >  Cl-  >  N03-  [18],  This 
suggests  that  the  content  of  S042-  in  the  Ni(OH)2 
sample  synthesized  at  a  low  pH  value  is  relatively  high, 
while  the  amount  of  CO32-  in  the  Ni(OH)2  sample 
synthesized  at  a  high  pH  value  is  relatively  large. 

4.  The  intensity  of  the  band  assigned  to  the  <5(OH)  lattice 
vibration  noticeably  increases  with  increasing  pH 
values.  This  means  that  the  Ni(OH)2  concentration 
(i.e.  Ni  composition)  in  the  synthesized  materials  is 
increased  at  high  pH  values.  This  result  is  also 
confirmed  by  TG  studies. 

3.4.  TG  and  DTG  analyses 

The  amount  of  water  in  the  nickel  hydroxide  materials 
plays  an  important  role  in  the  crystal  structure  and  the 
electrochemical  properties  of  Ni(OH)2.  For  example,  it 
was  reported  that  the  water  content  for  P-Ni(OH)2  varied 
from  0  to  0.3  molar  fraction  (moles  of  H20  per  mole  of 
Ni(OH)2),  and  for  a-Ni(OH)2  the  water  content  varied  from 
0.3  to  0.7  molar  fraction,  depending  upon  the  preparative 
experimental  conditions  [24].  In  this  work,  TG  and  DTG 
analyses  have  been  used  to  investigate  the  water  content  and 
the  dehydration  reactions  of  nickel  hydroxide.  TG  and  DTG 
curves  for  Ni(OH)2  samples  A-C  are  shown  in  Fig.  3. 

For  sample  A  synthesized  at  pH  =  7.25,  the  TG  and  DTG 
curves  reveal  two  obvious  weight  loss  regions:  a  first  region 
below  250  °C  (between  room  temperature  and  250  °C);  and 
a  second  region  between  250  and  450  °C.  These  two  regions 
are  distinctly  exhibited  in  DTG  curve  as  two  peaks:  one 
broad  peak  corresponding  to  the  first  region;  and  the  other,  a 
sharp,  intense  peak  corresponding  to  the  second  region.  The 
second  peak  in  DTG  curve  is  somewhat  split,  this  may  be 
attributed  to  the  relatively  large  S042-  content  in  Ni(OH)2 
crystals  synthesized  at  a  low  pH.  Above  450  °C,  no  appreci¬ 
able  weight  change  is  observed  in  TG  and  DTG  curves.  Two 
categories  of  chemical  reactions  are  postulated  which  cor¬ 
respond  to  the  observed  steps  of  weight  loss  in  the  experi¬ 
ments.  One  process  is  the  dehydration  (Eq.  (2))  which 
corresponds  to  the  first  weight  loss  below  250  °C;  and  the 
other  is  the  decomposition  of  nickel  hydroxide  to  nickel 
oxide  (Eq.  (3)),  which  corresponds  to  the  second  weight  loss 
above  250  °C. 

Dehydration  reaction: 

Ni(OH)2  •  XadsH20  ->  Ni(OH)2  +  XH20  (2) 

Decomposition  reaction: 

Ni(OH)2  ->  NiO  +  H20  (3) 

Several  investigators  have  noted  that  the  water  in  nickel 
hydroxide  can  either  be  adsorbed  or  structurally  bonded  in 
between  the  Ni(OH)2  lattices  [23,24].  Structurally  bonded 
water  (i.e.  intercalated  water)  thereby  alters  the  interplanar 
distances  in  the  crystal  structure,  resulting  in  an  expansion  of 
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Fig.  3.  TG  and  DTG  plots  for  Ni(OH)2  samples  synthesized  at  different  pH  values:  (a)  sample  A,  pH  =  7.25;  (b)  sample  B,  pH  =  10.50;  (c)  sample  C, 
pH  =  11.50. 


“c-axis”  from  4.6  A  for  P-Ni(OH)2  to  approximately  8  A  for 
fully  hydrated  a-Ni(OH)2.  In  the  present  study,  there  is  no 
expansion  of  the  “c-axis”  in  the  hydrated  P-phase,  thus 
indicating  the  presence  of  adsorbed  water  only,  without  any 


structurally  bonded  water  in  P-Ni(OH)2.  As  shown  by  XRD 
and  IR  studies,  all  the  batches  of  nickel  hydroxide  synthe¬ 
sized  in  this  study  have  a  p-phase  structure.  Water  molecules 
can  only  be  adsorbed  in  these  materials,  as  the  small 
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interslab  distance  (co  =  4.6  A)  of  (3-Ni(OH)2  excludes  the 
intercalation  of  such  water  molecules. 

In  Eq.  (2),  the  H20/Ni(OH)2  molar  ratio  Xads  can  be 
estimated  from  the  weight  loss  corresponding  to  the  dehy¬ 
dration  reaction,  and  the  nominal  stoichiometric  composi¬ 
tions  of  the  nickel  hydroxide  samples  are  obtained.  The 
theoretical  weight  loss  corresponding  to  the  decomposition 
reaction  (Eq.  (3))  is  19.49%,  and  the  practical  weight  loss 
corresponding  to  this  reaction,  which  can  be  estimated  from 
the  second  weight  loss  steps  of  TG  curves,  are  12.09,  17.65 
and  17.42%  for  Ni(OH)2  samples  A,  B  and  C,  respectively. 
This  indicates  that  the  Ni(OH)2  concentration  (i.e.  Ni  com¬ 
position)  is  higher  in  samples  B  and  C  than  in  sample  A.  The 
deviations  between  the  practical  and  theoretical  weight  loss 
may  be  attributed  to  the  SO,|2  and  CO  ,2  adsorbed  in  these 
materials,  as  revealed  by  the  IR  study. 

Compared  with  the  TG  and  DTG  results  of  sample  A,  the 
experimental  results  for  samples  B  and  C  show  some 
distinguishing  features: 

1.  With  an  increase  in  pH  values,  the  height  of  the  first 
weight  loss  steps  in  TG  curves  of  samples  B  and  C  is 
reduced.  Correspondingly  the  first  peaks  in  DTG  curves 
for  these  samples  almost  disappear.  Meanwhile,  the  height 
of  the  second  weight  loss  steps  in  TG  curves  increases 
with  increasing  pH  values.  Thus,  the  second  peaks  in 
DTG  curves  for  samples  B  and  C  become  more 
significant  and  sharper.  The  increase  in  the  height  of  the 
weight  loss  steps  means  that  the  weight  loss  is  increasing. 
This  result  shows  that  the  water  content  in  Ni(OH)2 
samples  B  and  C  is  relatively  lower  as  compared  to  that  in 
sample  A.  The  Xads  values  for  three  Ni(OH)2  samples  A, 
B  and  C  are  found  to  be  0.56,  0.074  and  0.17,  respectively. 

2.  With  increasing  pH  values,  the  slopes  of  the  second 
weight  loss  steps  in  TG  curves  increase.  The  tempera¬ 
tures  corresponding  to  the  decomposition  reaction  peaks 
in  DTG  curves  also  lower  gradually,  giving  readings  of 
379,  330  and  294  °C,  respectively,  for  samples  A,  B  and 
C.  The  increase  in  the  slopes  of  the  weight  loss  steps 
means  that  the  decomposition  reaction  of  the  Ni(OH)2 
samples  speeds  up.  This  indicates  that  with  an  increas¬ 
ing  precipitation  pH,  the  synthesized  Ni(OH)2  materials 
become  less  stable  thermally,  as  reflected  by  a  higher 
decomposition  reaction  rate  and  lower  decomposition 
temperature.  That  is,  the  sample  C  synthesized  at  a  high 
pH  value  has  the  lowest  thermal  stability  as  compared  to 
that  of  samples  A  and  B.  The  XRD  measurement  results 
also  show  that  the  crystallite  size  of  samples  C  is 
smaller.  Thus,  it  is  found  that  Ni(OH)2  materials  with  a 
smaller  crystallite  size  possess  a  lower  decomposition 
temperature  and  a  higher  decomposition  rate.  Such  a 
relationship  between  the  decomposition  temperature  and 
the  crystallite  size  of  nickel  hydroxide  materials  has  also 
been  observed  by  Watanabe  et  al.  [15].  So  the  lowering 
of  the  thermal  stability  is  also  likely  to  be  beneficial  to 
the  electrochemical  activity  of  nickel  hydroxide. 


4.  Conclusions 

It  has  been  confirmed  that  the  nickel  hydroxide  materials 
synthesized  by  a  chemical  precipitation  method  were  crys¬ 
talline  p-Ni(OH)2  with  a  brucite-type  structure  and  a  hex¬ 
agonal  unit  cell.  The  precipitation  pH  value  was  found  to  be 
the  key  factor  that  affected  the  crystal  and  chemical  structure 
characteristics  of  nickel  hydroxide.  It  was  shown  that  the 
structural  characteristics  of  |S-Ni(OH)2,  such  as  degree  of 
crystallinity,  crystalline  lattice  disorders,  crystallite  size  and 
crystal  growth  orientation  were  strongly  related  to  the  pH 
values  of  the  chemical  precipitation  reaction.  The  amounts 
of  S042A  CO32-  and  H20  adsorbed  in  crystals,  and  the 
thermal  stability  of  p-Ni(OH)2  also  depended  on  the  pH. 
Under  relatively  high  pH  values,  the  synthesized  nickel 
hydroxide  materials  possessed  a  reduced  crystallite  size 
and  lower  thermal  stability,  more  crystalline  defects  and  a 
higher  Ni  composition.  All  these  characteristics  were  likely 
to  be  advantageous  to  the  improvement  of  electrochemical 
activity  of  nickel  hydroxide. 
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